Bacterial glycerol ether lipids (alkylglycerols) have received increasing attention during the last decades, notably due to their potential role in cell resistance or adaptation to adverse environmental conditions. Major uncertainties remain, however, regarding the origin, biosynthesis, and modes of formation of these uncommon bacterial lipids. We report here the preponderance of monoalkyl-and dialkylglycerols (1-O-alkyl-, 2-O-alkyl-, and 1,2-O-dialkylglycerols) among the hydrolyzed lipids of the marine mesophilic sulfate-reducing proteobacterium Desulfatibacillum alkenivorans PF2803 T grown on n-alkenes (pentadec-1-ene or hexadec-1-ene) as the sole carbon and energy source. Alkylglycerols account for one-third to two-thirds of the total cellular lipids (alkylglycerols plus acylglycerols), depending on the growth substrate, with dialkylglycerols contributing to one-fifth to two-fifths of the total ether lipids. The carbon chain distribution of the lipids of D. alkenivorans also depends on that of the substrate, but the chain length and methyl-branching patterns of fatty acids and monoalkyl-and dialkylglycerols are systematically congruent, supporting the idea of a biosynthetic link between the three classes of compounds. Vinyl ethers (1-alken-1=-yl-glycerols, known as plasmalogens) are not detected among the lipids of strain PF2803 T . Cultures grown on different (per)deuterated n-alkene, n-alkanol, and n-fatty acid substrates further demonstrate that saturated alkylglycerols are not formed via the reduction of hypothetic alken-1=-yl intermediates. Our results support an unprecedented biosynthetic pathway to monoalkyl/monoacyl-and dialkylglycerols in anaerobic bacteria and suggest that n-alkyl compounds present in the environment can serve as the substrates for supplying the building blocks of ether phospholipids of heterotrophic bacteria.
A major feature distinguishing between the two prokaryotic domains Archaea and Bacteria is the chemical composition of the cell wall (1, 2). As in eukaryotes, bacterial phospholipids generally consist of a glycerol moiety linked to fatty acids via ester bonds (diacylglycerols [DAG] ). In contrast, the hydrophobic portion of archaeal membrane lipids consists of isoprenoid chains covalently bound to glycerol through ether bonds, forming isoprenoid di-and tetraethers of glycerol (isoprenoid glycerol dialkyl diether and glycerol dialkyl glycerol tetraether lipids, respectively) ( Fig. 1a) . Another major distinctive feature is the stereochemistry of the glycerol backbone, which in Archaea (which use 2,3-snglycerol) is the opposite of that in Bacteria and Eukarya (which utilize 1,2-sn-glycerol). These differences in lipid structures likely confer variations in the physical and physiological properties of the membranes of Bacteria and Archaea, with potential implications in terms of ecology and evolution (2) (3) (4) (5) . For instance, the glycerol ether lipids of archaeal membranes confer a lower degree of permeability to ions and a higher degree of stability than bacterial fatty acid membranes. The advantages of the archaeal membrane have been clearly shown in hyperthermophiles, halophiles, and acidophiles (see reference 2 and references therein), supporting the idea that ether-linked isoprenoid membrane lipids are well suited for life in extreme environments.
Exceptions to the aforementioned chemical distinctions exist except for the stereochemistry of the glycerol backbone. Lipids with one ether-linked alkyl chain at position sn-1 of a glycerol moiety (1-O-alkylglycerols, monoalkyl glycerol monoethers [MGM]) ( Fig. 1a) with, eventually, one ester-bound fatty acid at position sn-2 (1-alkyl-2-acylglycerols, AAG) ( Fig. 1a) have been reported in aerobic and anaerobic bacteria (6) (7) (8) (9) (10) (Fig. 1b) . Many strictly anaerobic and a few aerobic bacteria also contain so-called plasmalogens (Pla), which contain a vinyl-ether group at position sn-1 of the glycerol chain (1-alken-1=-yl-2-acylglycerols) ( Fig. 1) . These lipids likely play a role in cell resistance to adverse environmental conditions. Plasmalogens are also widespread in mammalian and human tissues, where they can have a number of important biological functions such as intracellular signaling (in response to stimuli) or a protective role during oxidant-induced stress (11, 12) . There are indications that plasmalogens have distinct biosynthetic pathways in animal tissues and (anaerobic) bacteria, but mechanistic and evolutionary aspects remain unclear (12) (13) (14) .
Even more remarkable is the existence of nonisoprenoid dialkyl glycerol diether lipids (DGD) and branched glycerol dialkyl glycerol tetraether lipids (brGDGT) (Fig. 1a) . These lipids exhibit an intriguing combination of the structural characteristics of Bacteria and Archaea (15) . To date, nonisoprenoid DGD have been reported only in (hyper)thermophilic bacteria (16) (17) (18) (19) and in a few mesophilic members of the Planctomycetes (20) and aggregating myxobacteria (21, 22) (Fig. 1b) . In addition to this restricted occurrence in isolated strains, little information is currently available regarding the biosynthesis and the physiological role of glycerol ether lipids in bacteria (15) . Remarkably, the biosynthesis of ether lipids and their specific roles in membrane organization and stability in Archaea have received increasing attention in the last years (23) (24) (25) , but there is still no bacterial corollary.
The limited information available about nonisoprenoid alkylglycerol biosynthesis and the rare occurrence of these lipids in bacterial isolates contrast with their widespread occurrence in the environment. During the last decade(s), various unprecedented structures of ether lipids have been identified in various recent and ancient ecosystems, suggesting a specific physiological role of these molecules in living cells and their potential usefulness as organic proxies (lipid biomarkers). Nonisoprenoidal MGM and DGD have been detected in hydrothermal environments (26) (27) (28) (29) but are also omnipresent in many contemporary and ancient nonextreme marine ecosystems (30) (31) (32) (33) . MGM and DGD present at methane cold seeps have been systematically attributed to the sulfate-reducing bacteria (SRB) partners of Archaea involved in the anaerobic oxidation of methane (30, (34) (35) (36) (37) . Although sedimentary nonisoprenoidal ether lipids are regularly assigned to sulfate reducers and/or linked to the S cycle within marine/oceanic environments (30, 32) , the presence of DGD in pure cultures of SRB has never been reported so far. Surprisingly, the investigation of ether lipids in biogeochemical studies is gaining popularity exponentially despite some major uncertainties regarding their origin, biosynthesis, physiological role, and modes of formation.
As part of an investigation of the physiology and the lipid composition of hydrocarbon-degrading sulfate-reducing Proteobacteria, we report here the predominance of monoalkyl-and dialkylglycerols (1-O-alkyl-, 2-O-alkyl-, and 1,2-O-dialkylglycerols) among the hydrolyzed lipids of Desulfatibacillum alkenivorans strain PF2803
T . This marine mesophilic strain is shown to incorporate long-chain n-alkyl substrates (n-alkenes, n-alkanols, n-fatty acids), or their initial transformation products, directly into its cellular ether lipids. Substrate labeling allows proposing an unprecedented pathway to nonisoprenoidal MGM and DGD biosynthesis in anaerobic bacteria that does not involve the formation of plasmalogen-like intermediates. Overall, this work provides new insights into the possible biological origin and modes of formation of nonisoprenoid alkylglycerols in the environment.
MATERIALS AND METHODS

Chemicals.
Unlabeled alkenes (pentadec-1-ene and hexadec-1-ene, Ͼ99% pure) and 2,2-D 2 -hexadecanoic acid were purchased from Aldrich Chemical Co. 1-D 2 -pentadec-1-ene and perdeuterated hexadec-1-ene (D 32 -hexadec-1-ene) were synthesized in three steps from unlabeled pentadecanoic acid (Aldrich) and perdeuterated palmitic acid (C 15 D 31 COOH; Euriso-top), respectively, as described previously (38 T was isolated from marine sediment (Fos Harbor, Mediterranean Sea, France [39] ). It belongs to the family Desulfobacteraceae in the Deltaproteobacteria (see Fig. S1 in the supplemental material). It is a hydrocarbonoclastic bacterium capable of utilizing n-alk-1-enes and their oxidized derivatives (n-alcohols, n-fatty acids) from C 8 to C 23 as a source of carbon and energy (39) , and efficient growth is generally observed with midchain (C 14 to C 17 ) substrates. Strain PF2803
T was grown at 30°C in 100 ml of defined anoxic sulfate-reducing medium with an unlabeled (pentadec-1-ene [ Extraction and analysis of glycerol ethers and fatty acids. Cells were directly hydrolyzed with 1 N KOH in methanol-water (1:1 [vol/vol]; reflux for 2 h), and unsaponifiable (neutral) and saponifiable (acid) lipids were extracted from the basic and the acidified solutions, respectively. Hydrolyzed neutral lipids were eventually purified by column chromatography over silica gel to get rid of the residual substrate. Following the addition of an internal standard (n-tricosanol), neutrals and acids were silylated by reaction with N,O-bis(trimethylsilyl [TMS])trifluoroacetanamide-pyridine (60°C, 1 h) before gas chromatography (GC) and GCmass spectrometry (GC-MS) analyses were performed. Cells from a few cultures were submitted to acid hydrolysis instead of base hydrolysis using 1 N HCl-MeOH (reflux for 2 h). Following neutralization with 2 N KOHMeOH and the addition of water, acid-hydrolyzed lipids were extracted from the methanolic phase and submitted to silylation before GC and GC-MS analyses were performed.
Alkylglycerols and fatty acids were identified and quantified using an HP 6890N gas chromatograph coupled to an HP 5975C mass spectrometer (both from Agilent). Compounds were injected on column and separated over an HP5-MS fused capillary column (30 m by 0.25 mm by 0.25 m; Agilent). The temperature of the GC oven was programmed to increase from 60 to 130°C at 20°C min Ϫ1 , from 130 to 250°C at 5°C min Ϫ1 , and then at 3°C min Ϫ1 to 300°C and was held there for 30 min. The carrier gas (He) was maintained at 0.69 bar until the end of the temperature program, and then the pressure was programmed to increase from 0.69 bar to 1.49 bar at 0.04 bar min Ϫ1 . Electron impact (EI) mass spectra were obtained at 70 eV (source temperature, 190°C; Quad temperature, 150°C; cycle time, 2 scans s Ϫ1 ). The assignment of the methyl (Me) branch position in branched alkylglycerols and fatty acids was based on the structures of the hydrocarbons released by cleavage of the original ethers with hydroiodic acid (HI) (30) and on the formation of fatty acid pyrrolidide derivatives (38) , respectively.
RESULTS
Alkylglycerol composition of D. alkenivorans grown on n-alk-1-ene. The neutral lipid fractions of strain PF2803
T obtained after base hydrolysis of cells grown on C 15:1 or C 16:1 were dominated by the presence of series of MGM and DGD ( Fig. 2a and 3 ). DGD were present in smaller amounts than MGM, accounting for onefifth to two-fifths of the total ether lipids ( length directly dependent on that of the alkene substrate ( Fig. 2a  and 3 ). Growth on C 16:1 yielded almost exclusively MGM with a C 16 or C 14 alkyl chain, whereas growth on C 15:1 yielded a mixture of C-odd and C-even alkyl chains ranging from C 13 to C 16 . For any substrate, the two main MGM produced had an alkyl chain length similar to that of the substrate, with or without an additional methyl branch at C-10. The presence of a methyl branch in the alkyl chain was inferred from the relative retention index (30) of the MGM. The exact position of the methyl branch within the alkyl chain was determined from the mass spectra of the alkanes released following HI cleavage of a purified glycerol ether fraction (data not shown). 1-Alken-1=-yl glycerols (i.e., the plasmalogen forms of MGM) were not observed in any neutral lipid fraction.
As seen with the MGM, the DGD were identified based on their mass spectra and their Kovats retention index values (30, 41) . All spectra showed abundant fragment ions at m/z 130, 131, and 133 consistent with the fragmentation observed for 1,2-O-dialkylglycerols (41) (42) (43) . Specific fragments ions at M-15 and M-104 were used to elucidate the molecular weight of DGD. Other diagnostic fragmentations corresponding to cleavage ␣ to the O-alkyl groups and cleavage of the bond between the sn-1 and sn-2 carbon atoms allowed inferring the structure of both alkyl chains (Fig. 2d) . Similarly to that of MGM, the chain length of DGD was directly dependent on that of the alkene substrate, with the C-even substrate yielding almost exclusively DGD with C-even alkyl chains and the C-odd substrate yielding preferentially C-odd alkyl chains (Fig. 3) . The sn-1 alkyl chain of all DGD was similar to that of the corresponding MGM, whereas the sn-2 alkyl chain had the same chain length as or a shorter chain length than the sn-1 alkyl chain (Table  1 and Fig. 2a) . The position of the methyl branch in branched DGD was assigned based on the corresponding branched MGM.
Fatty acid composition of D. alkenivorans grown on n-alk-1-ene. The hydrolysis of cells of D. alkenivorans grown on n-alkene also released significant proportions of fatty acids (FA) which were identified thanks to characteristic mass spectral fragmentation of silylated derivatives (38, 44) . The identification of the methyl-branched fatty acids was based on their relative retention times (see Fig. S2a in the supplemental material) and on the interpretation of their mass spectra, which showed specific ions due to cleavage ␣ to the branched carbon atoms (see Fig. S2d and e) . The position of the methyl branch was further confirmed by comparison of the mass spectra with literature data or by the analysis of their pyrrolidide derivatives (38, 44) .
As observed for glycerol ethers, the chain length distribution of the cellular FA of D. alkenivorans was strongly dependent on that of the alkene substrate (Fig. 3) . Cells grown on a C-even alkene contained mainly FA with C-even carbon chains; similarly, FA with C-odd carbon chains predominated when cells were grown on a C-odd alkene. C-even FA formed from pentadec-1-ene were biosynthesized de novo from C 2 units produced during substrate metabolism. With the exception of the presence of the saturated and unsaturated C 18 FA commonly encountered in bacteria, the chain-length distributions as well as the methyl branching of the FA were remarkably congruent with those of the ether-bound alkyl moieties observed in MGM and DGD (Fig. 3) .
The FA detected after cell hydrolysis likely came from the hydrolysis of AAG and DAG membrane lipids but also (presumably to a lesser extent) from the hydrolysis of FA coenzyme A thioesters constituting in vivo metabolites of the growth substrate (38) . The amount of FA released from AAG is considered equal to the amount of MGM released by hydrolysis of cells. The difference between the total amount of FA and that released from AAG is assumed to represent the sum of FA originally present in the cells as free FA coenzyme A (CoA) (FFA) and DAG (Fig. 4) .
Identification of (per)deuterated substrate-derived alkylglycerols and fatty acids. In order to gain insights into alkylglycerol biosynthesis, D. alkenivorans was grown on different (per-)deuterated n-alkene, n-alkanol, and n-fatty acid substrates ( Table  1) . The alkylglycerol and FA compositions of the cells grown on any labeled substrate were similar to those observed on unlabeled alkenes. Growth on D 32 -hexadecene, 2,2-D 2 -hexadecanoic acid, or 1,1,2,2-D 4 -hexadecanol yielded deuterated MGM, DGD, and FA, demonstrating that these cellular lipids were derived from the growth substrate (Table 1 and Fig. 2 ; see also Fig. S2 in the supplemental material). Alkylglycerols and FA produced from 1,1-D 2 -pentadecene showed exactly the same mass spectra in comparison to those formed from unlabeled pentadecene, indicating that the two deuterium atoms originally present at C-1 were lost during the biotransformation of the substrate by strain PF2803
T (Table 1). This loss cannot have been due to the abiotic transformation of the substrate, since incubation of labeled pentadecene under sterile controls (with substrate but without cells) does not yield unlabeled C-odd FA (38) .
Similar labeled alkylglycerols and FA were formed when strain PF2803
T was grown on either 1,1,2,2-D 4 -hexadecanol or 2,2-D 2 -hexadecanoic acid (Table 1) . MGM and FA with alkyl chains shorter than C 16 as well as saturated and unsaturated C 18 FA were not labeled. Specific fragmentation ions in the mass spectra of labeled MGM and FA were systematically shifted up by 2 atomic mass units (amu) compared with those in the spectra of their unlabeled analogues (see examples in Fig. 2b and reference 43 for MGM and in Fig. S2b and S2c in the supplemental material for FA). This indicates the presence of two deuterium atoms in the labeled compounds, since the TMS reagent used for derivatization was not deuterated. Figure 2b shows the mass spectrum of 1-O-D 2 -hexadecylglycerol. The O-alkyl fragment at m/z 315 indicates the presence of the two deuterium atoms in the alkyl chain. Since this MGM was formed from both 1,1,2,2-D 4 -hexadecanol and 2,2-D 2 -hexadecanoic acid substrates, the two deuterium atoms in the deuterated MGM were assumed to be at C-2 of the alkyl chain ( Fig. 2b and Table 1 ). This location is in accordance with the loss of labeling in the same MGM biosynthesized from a 1,1-D 2 substrate (Table 1 ) and with the position of the deuterium atoms in the D 2 -hexadecanoic acid formed during growth on 1,1,2,2-D 4 -hexadecanol (see Fig. S2b ). The McLafferty fragment at m/z 134 in the mass spectrum of this fatty acid indeed indicates the presence of the two deuterium atoms at C-2 (see Fig. S2b ). The addition of a methyl branching on either 1-O-D 2 -hexadecylglycerol or D 2 -hexadecanoic acid did not modify the location of the two deuterium atoms at C-2 of both alkyl chains (Table 1) . Deuterated DGD were also biosynthesized from 1,1,2,2-D 4 -hexadecanol and 2,2-D 2 -hexadecanoic acid. They contained either 2 or 4 deuterium atoms, as attested by the shift of 2 to 4 amu observed in the characteristic fragment ions of their mass spectra (data not shown). 16 . DGD with both alkyl chains shorter than C 16 were not labeled. Based on the aforementioned deuterated MGM, the deuterium atoms in labeled DGD are assumed to be systematically present at C-2 of (branched) C 16 alkyl chains (Table 1) .
Due to a higher degree of labeling, the growth of D. alkenivorans on D 32 -hexadecene yielded a higher number of deuterated alkylglycerols and FA than growth on other labeled substrates (Table 1). Although experiments were performed using a mixture of unlabeled and perdeuterated hexadecene, the labeled FA, MGM, and DGD had shorter chromatographic retention times than the unlabeled analogues and, thus, generally appeared completely separated during GC-MS analyses. Perdeuterated C 14 , 10Me-C 14 , C 16 , and 10Me-C 16 fatty acids were detected. Their mass spectral characteristics are in agreement with those of FA formed during the biodegradation of deuterated acyclic hydrocarbons by other sulfate-reducing bacteria (38, 44, 45) . The mass spectrum of the TMS derivative of the deuterated C 16 FA showed a molecular ion at m/z 358, indicating the presence of 30 deuterium atoms in the molecule (m/z of 328 for the unlabeled C 16:0 FA). The McLafferty ion (m/z 134) was upshifted by 2 amu compared to the corresponding ion in the unlabeled analogue (m/z 132), indicating the presence of two deuterium atoms in the labeled ion. Since one deuterium atom would come from the McLafferty rearrangement, we deduce the presence of one deuterium atom and one hydrogen atom at C-2 (Table 1) . Similar analysis of the mass spectrum of the deuterated C 14 FA indicates that it was fully deuterated (thus containing 27 deuterium atoms), which suggests that it was formed by ␤-oxidation (loss of a C-2 unit) of the D 30 -C 16 FA. The mass spectra of the deuterated 10-methyl branched analogues indicate that they contained one deuterium atom less than the perdeuterated unbranched FA (Table 1 ; see also Fig. S2d and e in the supplemental material). These branched FA were thus likely formed by the exogenous addition of a methyl group at C-10 of the corresponding n-saturated fatty acid (D 30 -C 16 and D 27 -C 14 ) and not by the methylation of a monounsaturated analogue as often assumed for the biosynthesis of midchain methyl-branched fatty acids (38) . Indeed, (i) desaturation and subsequent methylation at C-10 of the deuterated n-saturated fatty acids would have caused the loss of at least two deuterium atoms, and (ii) monounsaturated deuterated fatty acids that could have constituted potential intermediates in 10-Me-branched fatty acid biosynthesis were not detected. The present mechanism of methylation at C-10 remains unknown but seems to be common to many hydrocarbon-degrading sulfate-reducing bacteria (38, 44, 45 14 , respectively) and 2-O-D 27 -C 14 . The number of deuterium atoms in these compounds was determined from the comparison of specific fragment ions in their mass spectra with those of unlabeled analogues. The mass spectrum of 1-O-D 30 -C 16 is shown in Fig. 2c . The O-alkyl fragment at m/z 343 indicates the presence of the 30 deuterium atoms together with three hydrogen atoms in the alkyl chain. Although the exact positions of the hydrogen atoms cannot be deduced from the mass spectrum, the presence of two hydrogen atoms at C-1 and one hydrogen atom and one deuterium atom at C-2 can be inferred from (i) the systematic loss of labeling at C-1 in the same MGM biosynthesized from partially deuterated substrates (Table 1 ) and (ii) the presence of a hydrogen atom at C-2 of D 30 -C 16 FA (Table 1) . Likewise, 1-O-D 29 -10MeC 16 is assumed to exhibit the same hydrogen pattern at C-1 and C-2 as 1-O-D 30 -C 16 , whereas all deuterated MGM with a C 14 alkyl chain are assumed to contain two hydrogen atoms at C-1 (Table 1) . Several deuterated DGD were also detected in hydrolyzed D. alkenivorans cells that grew on D 32 -hexadecene. The use of a mixture of unlabeled and perdeuterated hexadecene for these labeling experiments induced the formation of DGD with either one labeled and one unlabeled or two labeled alkyl chains (data not shown), but only the latter are considered here. DGD containing 53 to 59 deuterium atoms were identified based on the comparison of the molecular and/or M-15 ions in their mass spectra with those of mass spectra of unlabeled DGD ( Fig. 2d and e) . For each compound, the upshift of specific fragmentation ions allowed determination of the number of deuterium atoms in the sn-1 and sn-2 alkyl chains ( Fig. 2d and e) . Table 1 ).
DISCUSSION
Dialkylglycerols in mesophilic bacteria. The membrane lipids of the mesophilic sulfate reducer D. alkenivorans PF2803
T are quite distinct from the diacyl glycerol membrane lipids that characterize most mesophilic bacteria, due to the presence of a relatively high (up to 60%) proportion of ether linkages (Fig. 4) . In contrast to the Archaea, diether lipids are still uncommon in the bacterial domain, and have long been considered a specificity of thermophilic bacteria due to their original characterization in (hyper) thermophilic species from deep-branching phyla (16) (17) (18) (Fig. 1) . Since then, diether or tetraether or mixed ether/ester lipids have been reported in an increasing number of bacterial species, including few mesophilic ones (10, 20, 46) . Among SRB, diether lipids have thus far been reported only from thermophilic species (16, 19) whereas monoalkyl/monoacyl phospholipids have also been identified in the mesophilic species Desulfosarcina variabilis and Desulforhabdus amnigenus (7) (Fig. 1) . Although the production of nonisoprenoidal dialkylglycerols (DGD) by mesophilic sulfate reducers has regularly been taken for granted, this is, as far as we know, the first report of such lipids in a pure strain of SRB. The widespread occurrence of MGM and DGD in different nonextreme environments and their biosynthesis by several types of mesophilic bacteria (Fig. 1) clearly indicate that glycerol ether lipids are not limited to extreme environments and/or extremophilic bacteria. The presence of ether lipids in phylogenetically very distinct lineages (Fig. 1b) further suggests that such lipids may be more prevalent among the bacteria than previously thought. Nevertheless, the reasons underlying the biosynthesis of ether lipids by mesophilic bacteria remain elusive. These compounds may constitute a relic from thermophilic ancestors, or vice versa since hyperthermophilic bacteria may not have emerged first (47, 48) . The exact functional role of MGM and DGD is as yet unclear, but, like archaeal ether lipids, bacterial ether lipids likely provide the cell membrane with a higher degree of stability and/or impermeability. Thus, alkylglycerol biosynthesis by mesophilic bacteria may still constitute a way for these organisms to adapt to the environment in which they thrive, as recently hypothesized from the presence of unsaturated MGM in low-temperature oceanic waters (19) . Alternatively, ether lipids might make cells more resistant to environmental stress and hydrolysis, as previously suggested for spore-forming myxobacteria (9) .
Inferences on the structure of glycerol ether lipids in D. alkenivorans. Like most membrane lipids, the MGM and DGD detected in hydrolyzed cells of D. alkenivorans strain PF2803
T are likely present in vivo as AAG and DGD with attached polar head groups. As we did not analyze the polar lipids of D. alkenivorans in their intact form, the structure of these polar head groups remains unknown. However, bacterial lipids generally contain phosphatidyl head groups (phospholipids) whereas archaeal lipids can contain glycosidic (glycolipid) head groups and phosphatidyl (phospholipid) head groups (49). Moreover, base hydrolysis is sufficient for removing phospholipid head groups, whereas acid hydrolysis is needed to remove glycolipid head groups. Attempts to hydrolyze cells of D. alkenivorans strain PF2803
T using acid instead of base catalysis did not yield different lipid profiles (data not shown). It may thus be conjectured that MGM and DGD were present in living cells of D. alkenivorans as monoalkyl/monoacyland dialkyl-glycerophospholipids, of which the exact nature of the polar head group remains to be characterized. 1-Alkyl-2-acylphosphatidylethanolamines, glycerols, and cholines (AAG-PE, AAG-PG, and AAG-PC, respectively) have been identified in the mesophilic sulfate-reducing Proteobacteria Desulfosarcina variabilis and Desulforhabdus amnigenus (7). AAG and DGD phospholipids are also commonly detected (essentially as PE and PG) in marine sediments hosting prokaryotic communities involved in the anaerobic oxidation of methane, where they are attributed to the SRB partners of methanotrophic Archaea (49). Nonisoprenoidal DGD with a glycosidic head group, however, do exist in nature, but their occurrence seems limited to very peculiar environments, such as the low-temperature alkaline Lost City Hydrothermal Field (29) .
Also, the stereochemistry of the alkylglycerols produced by strain PF2803
T was not determined, but it can reasonably be assumed that these compounds have a sn-1,2 stereochemistry. Indeed, sn-2,3 glycerol ether lipids have been shown to be specific to Archaea (3, 5) , with no exception reported to date. This hypothesis on the stereochemistry of the glycerol backbone further relies on the sn-1,2 stereoconfiguration of the glycerol moieties of branched tetraether lipids (brGDGTs) (Fig. 1 ) present in soils and peats (15) and likely produced by Acidobacteria (10, 46) .
Insights into bacterial (di)alkylglycerol biosynthesis. Most data currently available about nonisoprenoid ether lipid biosynthesis relate to 1-alkyl-and 1-alken-1=-yl glycerolipids found in animal and human tissues (see, e.g., references 50, 51, and 52). The biosyntheses of both compound classes in eukaryotes share common reaction steps, including reduction of fatty acids (as CoA derivatives) to the corresponding alcohols, acylation of dihydroxyacetone phosphate (DHAP) with acyl-CoA to form acyldihydroxyacetone phosphate (1-acyl-DHAP) (step i, Fig. 5a ), substitution of the acyl group of 1-acyl-DHAP by a fatty alcohol to form 1-O-alkyl-DHAP (step ii, Fig. 5a ), reduction of the carbonyl group of alkyl-DHAP to 1-O-alkyl-sn-glycero-3-phosphate (1-alkyl-G3P) (step iii, Fig. 5a ), and acylation of the sn-2 position of 1-alkyl-G3P to yield 1-alkyl-2-acyl-glycero-3-phosphate (step iv, Fig. 5a ), which is dephosphorylated to 1-alkyl-2-acyl-glycerol (AAG) (step v, Fig. 5a ). AAG may then be converted to different types of monoether lipids, including plasmenyl lipids (Pla). In higher organisms, the latter compounds are formed by oxygendependent dehydrogenation at C-1 (step vi, Fig. 5a ) of the 1-Oalkyl chain of a phosphorylethanolamine derivative of AAG. Plasmalogens are also widespread in anaerobes (e.g., 6, 51, 53), but the pathway and mechanism for anaerobic plasmalogen biosynthesis, which differ from that in higher (aerobic) organisms, remain incompletely understood (12, 13) . Aside from the absence of oxygen, isotopic experiments have suggested G3P instead of DHAP as an intermediate in the anaerobic pathway to plasmalogen (51, 54, 55) (Fig. 5b) . Striking evidence for a distinct route to plasmalogens in anaerobes compared to higher organisms comes from the demonstration that, in Clostridia, plasmalogens are formed from diacyl phospholipids (DAG derivatives) and not from AAG (13, 56) (Fig. 5b) .
Though the presence of DGD in (hyperthermophilic) bacteria has been known for more than 30 years (16, 17, 21) , the pathways and mechanisms for their biosynthesis are not known. The lack of vinyl ethers (1-alken-1=-yl-glycerols) among the neutral lipids of D. alkenivorans strain PF2803
T indicates that such lipid structures are not produced by the strain. Vinyl ethers are stable under the basic conditions used for hydrolysis of strain PF2803
T cells and thus could not have been degraded during sample processing. The preservation of the labeling at C-2 in deuterated alkylglycerols formed from 2,2-D 2 -hexadecanoic acid and 1,1,2,2-D 4 -hexadecanol ( Table 1 ) further demonstrates that saturated MGM and DGD are not formed via the reduction of the double bond(s) of hypothetic alken-1=-yl intermediates. Such a reductive pathway to alkylglycerols from alkenylglycerols ( Fig. 5b) has been postulated to occur in fruiting-body-forming aerobic myxobacteria (9, 57) and is sometimes envisaged as the most accommodating pathway to ether lipids in bacteria, although elements of proof are still lacking (10, 14) . The present results clearly support the idea of alternative biosynthetic pathways to mono-and dialkyl glycerol ether lipids in (anaerobic) bacteria ( Fig. 5c and 6 ). Schematic biosynthetic routes to MGM and DGD in the mesophilic SRB D.
FIG 5
Simplified pathways to ether lipids in eukaryotes (a) and plasmalogen-forming (anaerobic) bacteria (b) and postulated pathway to mono-and dialkyl glycerol ether lipids in anaerobic bacteria (c). The latter pathway is hypothesized to involve intermediates with phosphorous polar head groups. The formation of DGD via the formation of 1-acyl-2-O-alkylglycerols is omitted to simplify the scheme. DHAP, dihydroxyacetone phosphate; G3P, sn-glycero-3-phosphate; 1-acyl-DHAP, acyldihydroxyacetone phosphate; 1-acyl-G3P, 1-acyl-sn-glycero-3-phosphate; MAG, monoacyl glycerol; 1-alkyl-G3P, 1-O-alkyl-sn-glycero-3-phosphate, MGM, monoalkyl glycerol monoether; Pla, plasmalogen (1-alken-1=-yl-2-acyl glycerol); DGD, 1,2-O-dialkyl glycerol diether.
alkenivorans PF2803
T can be postulated (Fig. 6 ) based on the specific labeled alkylglycerols and fatty acids produced during growth on (per)deuterated n-alkyl substrates ( Table 1) . The first step involves the acylation at the sn-1 position (or, to a lesser extent, at the sn-2 position) of sn-glycerol-3-phosphate (G3P) with an acylCoA formed during the oxidation of the growth substrate to yield monoacylglycerols (MAG) (Fig. 6) . Whether or not the initial step of this pathway involves the establishment of the G3P backbone from DHAP by G3P dehydrogenase (Fig. 5) is not known. The fatty ester side chains of MAG are then transformed into ether linked alkyl chains to form alkylglycerols (alkyl-G3P or MGM) (Fig. 6 ). This reaction step may involve either the substitution of the entire acyl chain by an alcohol (as seen in the biosynthesis of eukaryotic 1-O-alkylglycerols) (Fig. 5a) or the direct reduction of the ester group to the corresponding ether (albeit without the formation of an unsaturated intermediate); the exact mechanism remains to be fully determined. The connection of a second etherlinked alkyl chain to the glycerol backbone involves the same sequence of reactions as the formation of MGM, namely, acylation of MGM to form 1-alkyl-2-acylglycerols (or, to a lesser extent, 1-acyl-2-alkylglycerols [AAG]), followed by the replacement or reduction of the acyl chain of AAG to form 1,2-O-dialkylglycerols (DGD) (Fig. 6) . Although our workup procedure did not allowed acylglycerols to be detected in their esterified form (i.e., as monoacyl-, monoalkyl/monoacyl-, or diacylglycerols), there are still several lines of evidence suggesting that monoacyl-and monoacyl/ monoalkylglycerols constitute intermediates in monoalkyl-and dialkylglycerol biosynthesis, respectively. First, the similar chainlength, methyl-branching, and labeling patterns of FA, MGM, and DGD indicate a biosynthetic link between the three classes of compounds. Second, the loss of labeling at C-1 in alkylglycerols biosynthesized from 1,1,2,2-D 4 -hexadecanol (Table 1) indicates that T during growth on medium-to long-chain n-alkyl substrates (R, R=, RЉ Ͼ C 12 ). This pathway is likely to involve intermediates with (as-yet-unknown) phosphorous polar head groups. G3P, sn-glycero-3-phosphate; MAG, monoacyl glycerol; MGM, monoalkyl glycerol monoether; AAG, alkyl acyl glycerol; DAG, diacyl glycerol; Pla, plasmalogen (1-alken-1=-yl-2-acyl glycerol); DGD, 1,2-O-dialkyl glycerol diether. a free alcohol substrate first needs to be oxidized to the corresponding FA before being incorporated into membrane phospholipids (Fig. 6) . Then, if the transformation of MAG into MGM and AAG into DGD involves the substitution of the complete fatty ester side chain by an alkyl chain (as discussed above), FA need to be reduced back to the corresponding alcohols (Fig. 6 ) that then interact with the ether lipid-forming enzyme(s).
The genes and enzymes involved in MGM and DGD biosynthesis by (anaerobic) bacteria are not known (14) and definitely require investigation. Since the genome sequence of strain PF2803 T is not yet available, the search for candidate genes involved in ether lipid biosynthesis in this strain could not been undertaken. It is feasible, however, that an as-yet-unknown acyltransferase(s) and an as-yet-unknown synthase(s) are responsible for the acylation and the eventual replacement of the acyl chains by alkyl chains, respectively. It might be envisaged that the mesophilic bacteria producing MGM and DGD acquired the enzymes carrying out the ether bond formation via horizontal gene transfer from thermophilic Bacteria or Archaea or vice versa, a process which has been shown to occur between thermophilic Archaea and Bacteria (58) .
Interestingly, the labeled acyl and alkyl chains incorporated into phospholipids of strain PF2803
T have conserved most of the deuterium labeling of the alkyl substrate used ( Table 1 ), indicating that these carbon chains are derived from the first steps of oxidation of the substrate (Fig. 6) . It can thus be envisaged that medium-to long-chain alkyl compounds (e.g., n-alkanes, n-alkenes, n-alkanols, and n-fatty acids) present in the environment can serve as the substrates for supplying the building blocks of ether phospholipids of marine heterotrophic bacteria. The prevalence of n-alkyl compounds in the marine environment may provide bacteria an interesting way for building their membranes by recycling sedimentary organic compounds. The recycling of fossil molecules by deep-sea benthic archaea has already been postulated (59) and could represent a crucial strategy for maintaining growth and maintenance under conditions of energy starvation in sedimentary environments (2 
